The polychaete Alvinella pompejana lives in organic tubes on the walls of active hydrothermal chimneys along the East Pacific Rise. To examine the diversity of the archaeal community associated with the polychaete tubes, we constructed libraries by direct PCR amplification and cloning of 16S rRNA genes. Almost half of the sequences of the 16S rRNA gene libraries clustered with uncultured archaeal groups. In an effort to access genomic information from uncultured archaeal members we further constructed a fosmid library from the same DNA source. One of the clones, Alv-FOS5, was sequenced completely. Its sequence analysis revealed an incomplete rRNA operon and 32 predicted ORFs. Seventeen of these ORFs have been assigned putative functions, including transcription and translation, cellular processes and signalling, transport systems and metabolic pathways. Phylogenetic analyses of the 16S rRNA gene suggested that Alv-FOS5 formed a new lineage related to members of Deep-Sea Hydrothermal Vent Euryarchaeota group II. Phylogenetic analyses of predicted proteins revealed the existence of likely cases of horizontal gene transfer, both between Crenarchaeota and Euryarchaeota and between Archaea and Bacteria. This study is the first step in using genomics to reveal the physiology of an as yet uncultured group of archaea from deep-sea hydrothermal vents.
Introduction
At deep-sea hydrothermal vents, the most extensively studied thermal environments are the sulfide edifices that serve as conduits for the hot, anaerobic, metal-rich venting fluids. The microbial diversity present at the surfaces and within the walls of vent chimneys and associated structures has been investigated using several complementary methods. Numerous thermophilic and hyperthermophilic microorganisms have been cultured from fluids and fragments of chimneys. Most of the microorganisms known to thrive in the hottest parts of the ecosystem belong to metabolically and phylogenetically diverse groups of anaerobic archaea and are predominantly affiliated to the kingdom Euryarchaeota. The heterotrophic sulfur-metabolizers of the order Thermococcales are the predominant cultured group (Zillig & Reysenbach, 2001) . The other archaea frequently isolated from this environment include hyperthermophilic methanogens and sulfate-reducers (Huber & Stetter, 2001; Whitman et al., 2001) . In addition to the direct isolation of strains from sulfide structures, the abundance, composition and distribution of archaeal populations have been assessed by whole-cell hybridization studies (Harmsen et al., 1997; Schrenk et al., 2003) . Meanwhile, culture-independent phylogenetic studies have considerably expanded our view of the archaeal diversity at deep-sea vents and revealed the existence of unique and previously unrecognized lineages (Takai & Horikoshi, 1999; Takai et al., 2001; Huber et al., 2002a, b; Nercessian et al., 2003a, b) . These molecular phylogenetic assessments have provided guides to the development of 16S rRNA gene-targeted oligonucleotide probes for different groups of archaea and their application has revealed the widespread distribution of certain uncultured lineages (Nercessian et al., 2004) . In order to characterize some of these key metabolic processes, PCR-based approaches have been extended to the characterization of functional genes (Nercessian et al., 2005) .
Single gene phylogenetic surveys do not, however, provide information about the functional role of the different microorganisms within the community and the genetic information they contain. The use of small-and large-insert genomic libraries has been recently initiated as a powerful approach for isolating and identifying genes from uncultured microorganisms and complex microbial assemblages (Stein et al., 1996; Beja et al., 2000a, b; Rondon et al., 2000; Venter et al., 2004) . Such metagenomic libraries have been successfully applied to identify novel genes of uncultured archaea from soils and diverse marine habitats (Stein et al., 1996; Schleper et al., 1997 Schleper et al., , 1998 Beja et al., 2000a, b; Quaiser et al., 2002; Hallam et al., 2003 Hallam et al., , 2004 Kruger et al., 2003; Lopez-Garcia et al., 2004; Moreira et al., 2004; Treusch et al., 2004; Tyson et al., 2004; Venter et al., 2004; Erkel et al., 2005) . To date, two fosmid libraries obtained from hydrothermal samples have contributed to our current understanding of obligate associations between invertebrates and bacteria (Hughes et al., 1997; Campbell et al., 2003) .
In addition to their thermophilic microorganisms, the surfaces of deep-sea hydrothermal chimneys are also colonized by polychaete worms. One of these, Alvinella pompejana, inhabits organic tubes secreted along the walls of active black smokers on the East Pacific Rise (Desbruyères et al., 1998) . The microenvironment of the worm colonies is characterized by spatial and temporal variability with extreme temperature gradients and high concentrations of sulphide and heavy metals. Although thermal conditions of the fluids inside the tubes are difficult to characterize accurately (Di Meo-Savoie et al., 2004; Le Bris et al., 2005) , A. pompejana is considered to be one of the most thermotolerant metazoans known (Chevaldonné et al., 1992; Cary et al., 1998) . One of the most spectacular features of A. pompejana is the unique epibiotic community associated with its dorsal integument. Although these microbial assemblages are composed of morphologically and metabolically diverse microorganisms (Gaill et al., 1987; Jeanthon & Prieur, 1990; , their predominant members are filamentous Epsilonproteobacteria that have eluded all attempts at culturing (Haddad et al., 1995; Cary et al., 1997) . Isolation of Epsilonproteobacteria has, however, been reported from diverse hydrothermal samples, including from A. pompejana tubes and epibitotic microbiota Miroshnichenko et al., 2002; Takai et al., 2003) . All these isolates are mesophilic to thermophilic chemolithotrophs using hydrogen or sulfur compounds as electron donor and oxygen, nitrate and/or elemental sulfur as electron acceptors.
Microscopic observations have shown that inner and outer surfaces of alvinellid tubes are densely covered with morphologically diverse microorganisms (Desbruyères et al., 1985) , but their molecular identification has not been yet assessed. Because the tubes of A. pompejana are directly exposed to the hydrothermal fluid emissions, we hypothesized that their surfaces might provide suitable microhabitats for uncultured microorganisms adapted to high temperatures. In the process of extending our studies of hydrothermal archaea, we evaluate here the archaeal diversity associated with the alvinellid tubes through a phylogenetic analysis of a 16S rRNA gene library. A large-insert fosmid library constructed with the DNA of the same microbial assemblage was screened for archaeal 16S rRNA genes to identify clones that can be used to explore the genetic and metabolic potential of specific phylogenetic groups. We report the identification of six archaeal 16S rRNA gene-containing genomic fragments, five of them belonging to uncultured lineages. Finally, we also present the first genomic sequence isolated from an uncultured hydrothermal euryarchaeon.
Materials and methods

Sample collection and nucleic acid extraction
Alvinella pompejana specimens in their associated tubes were collected at the 131N hydrothermal vent field on the East Pacific Rise during the oceanographic cruise Phare (Le Bris et al., 2002) . The samples were collected by the manipulator arm of the remotely operated vehicle (ROV) Victor from the wall of an active sulfide chimney of the Elsa hydrothermal site (PP-Hot3 marker; 12148.180 0 N, 103156.315 0 W; 2624 m depth). They were placed into enclosed containers to minimize contamination from surrounding seawater during transportation to the surface. Once aboard ship, the worms were removed from their tubes and discarded. The alvinellid tubes were rinsed with sterile seawater and vortexed vigorously to separate the prokaryotic cells from their surfaces. The alvinellid tubes were discarded from the homogenate and the remaining content was centrifuged (12 000 g for 15 min). DNA was immediately extracted on board from this preparation using an UltraClean DNA kit (MoBio Laboratories, Carlsbad, CA), according to the manufacturer's instructions. This step was followed by two supplementary extractions with a phenol-chloroform-isoamyl alcohol and once with chloroform-isoamyl alcohol. Nucleic acids were precipitated at room temperature with 3 M acetate sodium (0.1 vol) and 100% ethanol (2 vol). The precipitate was washed with cold ethanol (70%) and resuspended in milliQ water.
Construction of the archaeal 16S rRNA gene libraries
Small-subunit RNA genes were amplified by PCR using the archaeal-specific forward primers 4F (5 0 -TCCGGTTGATCC TGCCRG-3 0 ) and W36 (5 0 -TCCAGGCGCTACGGGG-3 0 ) with the prokaryotic reverse primer 1492R (5 0 -CGGTTA CCTTGTTACGACTT-3 0 ). The final 25-mL PCR mixtures consisted of 1 Â DNA polymerase buffer (Interchim, Wörgel, Austria), 1.5 mM MgCl 2 , 0.25 mM of each dNTP, 0.2 mM of each primer, 1 U of Uptitherm DNA Polymerase (Interchim) and 1 mL of DNA. PCR cycles were performed on a Perkin Elmer 9700 thermal cycler. After a denaturation step at 95 1C for 5 min, the following conditions were repeated for 40 cycles: denaturation at 95 1C for 30 s, annealing at 53 1C for 30 s and chain extension at 72 1C for 1.5 min. A final extension step of 8 min at 72 1C was performed. Under these conditions, no PCR products were visible on 0.8% (weight in volume) agarose gels stained with ethidium bromide.
To obtain visible PCR products, primary amplifications using primer pairs 4F-1492R and W36-1492R were stopped at 15 cycles. Aliquots (1 mL) of the primary amplifications were then used as templates for secondary amplifications. Nested PCRs were performed using forward primers W36 and 1407R (5 0 -GACGGGGGGTGWGTRCAA-3 0 ). The PCR mixtures and the thermal cycles were the same as described above, except that 25 cycles were applied. All amplifications were performed in triplicate, and the resulting products were pooled. Negative controls were performed without DNA template or PCR products. The archaeal 16S rRNA gene libraries were constructed using the TOPO TA Cloning kit (Invitrogen) according to the manufacturer's instructions. These libraries were designed as '4F' (constructed using the primer pair 4F-1492R in the primary PCR) and 'W36' (using the primer pair W36-1492R in the primary PCR). Clones were arrayed in 96-well plates containing 175 mL of kanamycin (50 mg mL À1 ) -Luria-Bertani (LB) medium. Cultures were kept frozen in 12% glycerol at À80 1C.
Fosmid library construction
The fosmid genomic library was constructed using the CopyControl TM Fosmid Library Production Kit (Epicentre, Madison, WI) according to the manufacturer's instructions. Briefly, 20 mg of the extracted DNA was end-repaired (EndRepair Enzyme Mix, Epicentre). The totality of the endrepaired DNA was loaded in a 1% low-melting-point agarose gel. Pulsed-field gel electrophoresis was performed at 12 1C in 0.5Â Tris borate EDTA (TBE) buffer in a CHEF-DR III (Bio-Rad, Hercules, CA), with an included angle of 1201, 6 V cm À1 , for 13 h with 5-15 s pulses, followed by 3 h with 15-25 s pulses. Screening of the fosmid library and sequence of fosmid clone Alv-FOS5
The fosmid library was pooled into groups of 24 clones that served for PCR screening. A pool consisted of 9 mL of each clone that was centrifuged at 8000 g for 5 min and resuspended in 215 mL of TE buffer (pH 8). A small volume (2.5 mL) of each pool was lysed by heat (95 1C for 10 min) and served as DNA template for the PCR. The fosmid library was screened by PCR (under the conditions described above except that the final volume was 12.5 mL and the number of cycles was 40) using the 16S rRNA gene Archaea-specific forward primer 21F (5 0 -TTCCGGTTGATCCTGCCGGA-3 0 ) and the prokaryotic reverse primer 1492R (5 0 -GGTTA CCTTGTTACGACTT-3 0 ). Eukarya-specific primers 42F (5 0 -CTCAARGAYTAAGCCATGCA-3 0 ) and 1498R (5 0 -CAC CTACGGAAACCTTGTTA-3 0 ) were also used to screen the fosmid library. Amplicons of the expected sizes were obtained for five pools using the archaeal primers and for six pools using the eukaryal primers. Further PCR screening of individual clones integrating these pools led to the identification of the 11 clones containing either 16S or 18S rRNA genes. One of these clones, designed Alv-FOS5, was entirely sequenced (Genome Express) as described previously . The average coverage of the sequence was Â 10.7.
Analysis of the fosmid sequence Alv-FOS5: tRNA gene, DNA repeat and ORF search, protein identification
The sequence of Alv-FOS5 was annotated using the GenoAnnot module of the Genostar platform (http://www. genostar.org). tRNAs were searched using the FAStRNA program, which is integrated into the GenoAnnot module, and the tRNA-scan-SE 1.21 program (http://www.genetics. wustl.edu/eddy/tRNAscan-SE). The ORF identification was carried out using the CDS_prediction task of the GenoAnnot module with the following Markov model parameters: 50 amino acids for the minimum ORF length, 80 as score threshold and the genome of Thermoplasma acidophilum (NC_002578) for the codon usage matrix. Predicted proteins were classified according to the clusters of orthologous groups of proteins (COGs) database (Tatusov et al., 2001) . The programs TBLASTN and BLASTP were used to look for sequence similarity with published protein sequences (Altschul et al., 1997) . If putative ORFs were detected in different reading frames, only those that had homologues in databases (e value o e-05) were selected. In the case of several ORFs that showed no homologues, the longer was conserved. Signal peptides were predicted using the SignalP program (http://www.cbs.dtu.dk/services/SignalP/) and transmembrane segments were predicted using the TMHMM program (http://www.cbs.dtu.dk/services/TMHMM). Conserved domains of the predicted protein sequences were detected using the program InterProScan (http://www.ebi.ac.uk/InterProScan). Comparative analyses of the predicted protein sequences were performed by RPS-BLAST, using the CDART tool (http://www.ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi?cmd=rps). Comparative genome analyses were done with GENOMAPPER (http://www-archbac. u-psud.fr/Genomap/GenomapBrowser.html).
Phylogenetic analysis of 16S and 23S rRNA gene sequences
Archaeal clones were sequenced by cycle sequencing using the DYEnamic ET terminator cycle sequencing kit (Amersham Biosciences) and M13F (5 0 -GTAAAACGACGGCC AG-3 0 ) and M13R (5 0 -CAGGAAACAGCTATGAC-3 0 ) primers. The sequences were determined using an ABI Prism s 3730xl DNA analyser (Applied Biosystems).
The closest relatives to the 16S rRNA gene sequences were identified in the GenBank database by BLASTN (http:// www.ncbi.nih.gov/BLAST/). Sequences were aligned using CLUSTALW (Thompson et al., 1994) and distance matrices were constructed using DNADIST from the PHYLIP package with the Jukes-Cantor correction for multiple substitutions (http://evolution.genetics.washington.edu/phylip. html). Sequences diverging more than 3% in similarity were defined as having unique phylotype. At least one sequence per phylotype was chosen for complete clone sequencing. The 16S rRNA gene sequences were submitted to the program CHECK-CHIMERA of the Ribosomal Database Project (RDP) (http://rdp8.cme.msu.edu/cgis/chimera.cgi?-su=SSU). The relative richness of the two archaeal 16S rRNA gene libraries was estimated by calculating their homologous coverage (C) (Singleton et al., 2001) .
To construct the phylogenetic trees, sequences were aligned using the program ED of the MUST package (Philippe, 1993) . After removal of gaps and unambiguously aligned positions, a total of 795 positions were used for all the phylogenetic analyses. Bayesian Markov Chain Monte Carlo analysis was carried out with MrBayes v3.0 (Huelsenbeck & Ronquist, 2001) , under a general time reversible (GTR) model assuming a gamma distribution with six rate categories and a proportion of invariable sites. Bayesian posterior probabilities were computed by running four chains for 1 000 000 generations. Trees were sampled every 100 generations and 2000 trees were discarded as 'burn-in'. The maximum-likelihood (ML) analysis was carried out using the program TREEFINDER (Jobb et al., 2004 ) using the same model described above. ML bootstrap proportions were estimated based on 200 replicates.
The 23S rRNA gene sequences of Alv-FOS5 and selected Archaea were also aligned using the program ED. Then, they were manually concatenated to the aligned 16S rRNA gene sequences. A total of 3502 positions were used for the phylogenetic 16S plus 23S rRNA gene analyses, after removal of gaps and unambiguously aligned positions. Phylogenetic analyses of the concatenated sequences were performed using Bayesian and ML methods as described above.
Phylogenetic analyses of the Alv-FOS5 predicted proteins
In the case of proteins, the sequences homologous to Alv-FOS5 identified by BLAST were retrieved from GenBank and aligned using CLUSTAL W (Thompson et al., 1994) . Amino acid alignments were inspected manually using the ED program of the MUST package (Philippe, 1993) . All ambiguously aligned regions were excluded from phylogenetic analysis. For all alignments, neighbour-joining phylogenetic trees were constructed using MUST. In several cases, additional Bayesian analyses were carried out with MrBayes v3.0, using the JTT model with a gamma distribution and a proportion of invariant sites. The number of generations and trees sampled were the same as for the rRNA gene phylogenetic Bayesian analysis. The numbers of amino acid positions considered in the Bayesian analyses corresponded to 259 (transcriptional factor B), 225 (Sua5-related protein) and 105 (predicted permease).
Nucleotide sequence accession numbers
The 16S rRNA gene sequences reported in this study are deposited in the GenBank database under accession numbers DQ082929 to DQ082984. The complete sequence of the fosmid Alv-FOS5 is available at GenBank under accession number DQ178753.
Results and discussion
Archaeal 16S rRNA gene diversity associated with A. pompejana tubes To identify the archaeal communities associated with the tubes of alvinellid polychaetes, a cultivation-independent approach was used. Archaeal clone libraries 4F and W36 were constructed and a total of 115 clones were sequenced. Two sequences were found to be chimeric and were omitted from subsequent analysis. The libraries were composed of 26 phylotypes (e.g. sequences showing less than 97% similarity) (Table 1) . Homologous coverage values (C 'W36' = 0.83 and C '4F' = 0.82) indicated that a significant part of the 16S rRNA archaeal gene diversity of the libraries was detected in both libraries. Phylogenetic analysis of the 16S rRNA gene sequences showed that all phylotypes except two were affiliated to the Euryarchaeaota.
Of the 24 euryarchaeal phylotypes (Table 1) , four representing over 50% of the sequences retrieved from both libraries were closely related to cultured species. These phylotypes belonged to the orders Thermococcales, Methanococcales and Archaeoglobales (Fig. 1) , members of which are known as common inhabitants of deep-sea hydrothermal vents (Huber et al., 2002a, b; Nercessian et al., 2003a Nercessian et al., , b, 2004 . The 20 remaining euryarchaeal phylotypes were not related (o90%) to any known cultured organism. Phylogenetic analyses placed them among the uncultured Deep-sea Hydrothermal Vent Euryarchaeota (DHVE) groups I and II (Takai & Horikoshi, 1999) (Table 1 and Fig. 1 ). Within DHVE group I, most of our sequences were closely related (97% similarity) to members of the DHVE2 lineage (14.5% and 19% of libraries W36 and 4F, respectively). The distribution of this lineage is to date restricted to the deep-sea hydrothermal vent environment and its members have been detected only in the hottest parts of this ecosystem (Reysenbach et al., 2000; Takai et al., 2001; Huber et al., 2002a,b; Hoek et al., 2003; Nercessian et al., 2003a Nercessian et al., , b, 2004 . One phylotype (metC10) grouped within the DHVE1, the second cluster of the DHVE group I (Table 1) . This phylotype shared distant relationship (88% similarity) with its closest relative, a sequence (clone WCHD3-02) recovered from a contaminated aquifer (Dojka et al., 1998) . Other DHVE1 sequences available in databases have been retrieved from diverse environments, including hydrothermal vent systems (Takai & Horikoshi, 1999) , coastal marine sediments (N. Kaku & K. Watanabe, unpublished results) and terrestrial hot springs (Skirnisdottir et al., 2000) .
The sequence types that grouped within the DHVE group II were primarily related to the DHVE5. They consisted of 11 phylotypes (Table 1 ) and most of them had environmental clones retrieved from coastal marine sediments (N. Kaku & K. Watanabe, unpublished results) as closest relatives. Five minor phylotypes found in either library 4F or library W36 clustered within the DHVE4 and DHVE6 lineages and had sequences retrieved from hydrothermal sediments as closest relatives (Takai & Horikoshi, 1999) . Lastly, a unique sequence (phylotype met57) that could not be assigned a previously described lineage formed a cluster with clone sequences recovered from deep-sea hydrothermal vents (Pagé et al., 2004; P. López-García and D. Moreira, unpublished results) .
The two remaining phylotypes that did not group within the Euryarchaeota were only present in the library W36. The phylotype metD6 was related (94% similarity) to the heterotrophic sulfur-reducing crenarchaeote Staphylothermus marinus, a common inhabitant of deep-sea hydrothermal vents (Huber & Stetter, 2001 ). Finally, the phylotype metC1 clustered with the archaeal symbiont Nanoarchaeum equitans (Huber et al., 2002a (Huber et al., , 2002b and the uncultured nanoarchaeote OP-9 (Hohn et al., 2002) (87% similarity).
To gain insight into the genomic features of some of the uncultured organisms associated with the A. pompejana tubes, a fosmid library was generated from the DNA previously used for the construction of the 16S rRNA gene libraries.
Identification of fosmid clones containing archaeal and eukaryotic small-subunit rRNA genes A total of 5017 fosmid clones were obtained. Assuming that the size of the inserts ranged from 35 to 45 kb, an estimated total of 200 Mb of environmental DNA has been cloned in our library. We screened the library by using a primer set specific for 16S rRNA genes of Archaea. Five 16S rRNA genecontaining euryarchaeal genome fragments (Alv-FOS0, 1, 2, 3 and 4) were recovered in the library. Sequences analyses of the archaeal 16S rRNA genes showed that Alv-FOS0 belonged to the order Thermococcales (Fig. 1) . The four other archaeal 16S rRNA genes were closely related (497% sequence similarity) and formed a cluster within the DHVE2 lineage. Interestingly, these 16S rRNA gene sequences were identical or almost identical (99-100% similarity) to 16S rRNA gene sequences recovered in the PCRderived libraries.
To look for the presence of microbial eukaryotes, the library was further screened by using 18S rRNA gene eukaryal-specific primers. Six clones exhibited PCR products of the expected size. Four of them contained 18S rRNA gene sequences highly related to that of hydrothermal annelids (97-99% similarity), and one had that of a Candida fermentati strain as closest relative (98% similarity) (Suh & Blackwell, 2004) . Surprisingly, the last clone recovered in the library by this screening contained an archaeal 16S rRNA gene sequence. This clone, designated Alv-FOS5, had the phylotype met57 obtained in this study as closest relative (497% similarity). These clones formed an independent cluster distantly related (88-90%) to the phylotypes CH-A3 and AT4-32 (Fig. 1) recovered from deep-sea hydrothermal vents. Interestingly, clone AT4-32 had also been retrieved using 18S rRNA gene-specific primers during a molecular survey of eukaryotic diversity in hydrothermal sediment from the Mid-Atlantic ridge (Lopez-Garcia et al., 2003; P. López-García and D. Moreira, unpublished results). The failure to identify the clone Alv-FOS5 with the archaealspecific primers was probably due to the presence of five mismatches between primer 21F used in the library screening and its targeted sequence in the Alv-FOS5 genomic fragment. The reasons why we identified the clone Alv-FOS5 with the eukaryal-specific primer pair are still unclear as only 12 of the 20 bases of the 18S-42F primer perfectly matched with the Alv-FOS5 16S rRNA gene.
Given that only six archaeal 16S rRNA gene-containing genomic fragments have been identified, the comparison between the composition of the metagenomic library and PCR libraries is impossible. However, the fact that four of the six clones from the metagenomic library belonged to the DHVE2 lineage (Alv-FOS1 to Alv-FOS4) was surprising as DHVE2-related sequences were not dominant in our two PCR-derived libraries and in previous surveys (Takai & Horikoshi, 1999; Reysenbach et al., 2000; Takai et al., 2001; Nercessian et al., 2003a, b) . This could suggest that these organisms may be more abundant in the hydrothermal vent environment than previously thought. Their real significance could be addressed via fluorescence in situ hybridization or DNA-DNA hybridization experiments (Nercessian et al., 2004) .
Fosmids Alv-FOS1 and Alv-FOS4 were selected for full sequencing of their inserts and the analysis of the sequences flanking their 16S rRNA gene sequences will be presented elsewhere. The fosmid Alv-FOS5 was also chosen for full sequencing as representative of a novel lineage of the DHVE II group.
Sequence analysis of the euryarchaeal fosmid clone Alv-FOS5
The entire sequence of the genome insert of clone Alv-FOS5 was determined. The genome fragment had a size of 39843 bp with an average G1C content of 43.95 mol%. This value is in the range of the G1C content of Thermococcales (40-51 mol%), some of whose members are the closest cultured relatives to Alv-FOS5 based on 16S rRNA gene sequence similarity (o90%). The rRNA operon of clone Alv-FOS5 consisted only of 16S and 23S rRNA genes, without linked 5S rRNA genes (Fig. 2) . This 16S 1 23S rRNA gene arrangement is common in crenarchaeotal genomes and also exists in Euryarchaeota. Among the completely euryarchaeal sequenced genomes, Archaeoglobus fulgidus, Pyrococcus species, Thermococcus kodakarensis and Methanocaldococcus jannaschii (for one of its two rRNA operons) displayed a similar arrangement to that found in Alv-FOS5. However, this feature had not been observed in genomic fragments from uncultured Euryarchaeota of group II, which have the 16S and 23S rRNA genes separated in the genome, nor their closest cultured relatives the Thermoplasmatales (Beja et al., 2000a,b; Moreira et al., 2004) . The 16S-23S intergenic transcribed spacer (ITS) of Alv-FOS5 (228 bp in length) contained an Ala-tRNA (Table 2 and Fig. 2) . The occurrence of an Ala-tRNA in the 16S-23S ITS has been described for all complete euryarchaeal sequenced genomes that displayed at least the 16S 1 23S rRNA gene arrangement. The genome fragment contained two additional tRNAs, a Thr-and a Leu-tRNA gene, the latter being located directly downstream of the 3 0 -end of the 23S rRNA gene.
The G1C content was quite homogeneous along the Alv-FOS5 sequence, except for the region that contained the 23S and the 16S rRNA genes and linked tRNA genes ( Table 2) . The low sequence similarity between the Alv-FOS5 16S rRNA gene sequence and its closest cultured relatives makes any metabolic prediction unreasonable. By contrast, the high G1C content of its 16S rRNA gene sequence (60.2 mol%) may be indicative of a thermophilic way of life (Dalgaard & Garrett, 1993; Galtier et al., 1999) . Interestingly, the Alv-FOS5 16S rRNA gene sequence formed a cluster with other sequences (clones met57 and CH-A3) that also have high G1C contents (459 mol% on the basis of 1000 bases).
A total of 32 ORFs longer than 50 amino acids were predicted in Alv-FOS5 (Table 2 and Fig. 2 ). ORFs were densely packed (92% of the complete Alv-FOS5 was predicted to be coding sequences), as has been previously reported for archaeal genomes. Among the 32 predicted ORFs, 17 showed significant sequence similarity with products of genes of known functions, six were homologous to uncharacterized proteins, and nine were predicted proteins of unknown function without homologues in databases. Among the proteins of unknown function, ORF27 was found to have one transmembrane segment and to harbour a signal peptide while ORF28 exhibited a weak domain signature of the nucleotidyltransferase superfamily. Table 1 for ORF numbers of the respective fragments. The predicted genes were classified into the functional categories defined by the COG database (Fig. 2) (Tatusov et al., 2001) .
Four predicted proteins were homologous to components involved in the transcription and translation processes. They included a transcription factor IIB (ORF9), a putative translation factor Sua5 (ORF7) and two aminoacyl-tRNA synthetases (ORF18 and 19). ORF18 and 19 showed a tandem gene arrangement that suggests cotranscription. This situation has not been detected so far in archaeal genomes available to date.
The predicted proteins involved in cellular processes and signalling were a chaperonin of the hsp60 family (ORF4), a small heat shock protein (ORF31) and two glycosyl transferases (ORF22 and 24). ORF4 is a putative homologue of class II molecular chaperonins, typically found in archaeal genomes (i.e. forming the thermosome) and in the eukaryotic cytosol (Trent et al., 1991; Archibald et al., 2000) . Sequence comparison of the predicted chaperonin revealed high sequence similarity to heat-shock-induced thermosomes of Thermococcales (68-69% identity). The small heat shock protein (HSP) predicted in Alv-FOS5 was identified on the basis of its similarity with other small archaeal HSPs of the HSP20 family (37% identity with that of the thermophilic crenarchaeote Sulfolobus solfataricus). A compact cluster was formed by a glycogen debranching enzyme (ORF21), a glycosyl transferase (ORF22) and an a-amylase (ORF23). These predicted proteins did not contain any potential signal sequence, suggesting a cytoplasmic location in the cell. Whereas the glycosyl transferase encoded by ORF22 exhibited significant similarity with a bacterial homologue (Moorella thermoacetica), the other components of the cluster were most closely related with euryarchaeal homologues (Table 2) . Interestingly, the gene arrangement in this cluster is conserved in genomes of the Thermoplasmatales and of several members of the phylum Bacteroidetes (Cytophaga hutchinsonii, Porphyromonas gingivalis, Bacteroides fragilis and Bacteroides thetaiotaomicron). In contrast to the genome of Picrophilus torridus genome, which exhibited a 6-phosphofructokinase gene upstream of this conserved gene cluster, a glucoamylase was found in Thermoplasma spp. and Ferroplasma acidarmanus (Angelov, 2004) . No homologues of this gene were found in Alv-FOS5. The potential operon of the three functionally related genes is thought to be involved in glycogen turnover. Interestingly, an additional related gene (a glycosyl transferase, ORF24) is located downstream of this cluster in Alv-FOS5. This unique arrangement could be suggestive of a specific or optimized metabolic pathway.
Nine predicted proteins were presumably involved in transport systems and metabolic pathways. Besides the glycogen debranching enzyme and the alpha-amylase described above (ORF21 and 23), they included a sugar kinase of the ribokinase family (ORF6), a thymidilate kinase (ORF11), two KefB, Kef-type K 1 transport system proteins (ORF13 and 14) and a Sec59 dolichol kinase (ORF26). The ribokinases and the thymidilate kinases, involved in the pentose phosphate pathway and in pyrimidine metabolism, respectively, shared significant similarities with euryarchaeal proteins. The KefB transporters are transmembrane channels involved in potassium efflux by a K 1 /H 1 antiporter transport system. Based on their global alignment, the two predicted KefB proteins were 31.3% similar. These two ORFs were contiguous in the genomic fragment, separated by an intergenic region of 41 nt, suggesting a duplication. They showed a cluster organization with a cystathionine beta synthase (CBS) domain-containing protein (ORF15) for which no function was predicted. CBS domains are defined as sequence motifs that occur in CBS and in several other proteins in all kingdoms of life. Their functions are still unknown but point mutations within them cause several hereditary diseases in humans (Scott et al., 2004) . The three latter ORFs were most closely related to bacterial proteins. Lastly, the predicted protein involved in phospholipid biosynthesis (ORF26) shared significant similarities with only few homologues but all were euryarchaeal protein sequences.
Phylogenetic analysis of the 16S and 23S rRNA genes
The Bayesian phylogenetic analysis of the 16S rRNA gene sequences showed that the euryarchaeotal fosmid Alv-FOS5 strongly clustered within a group of environmental sequences retrieved from deep-sea hydrothermal vents (Fig.  1) . This group included sequences met57 obtained in this study, CH-A3 (Pagé et al., 2004) , AT4-32 (P. Lopez-Garcia and D. Moreira, unpublished results), and pMC2A and pISA belonging to the DHVE3 and DHVE4 groups defined by Takai & Horikoshi (1999) . These hydrothermal vent sequences formed a branch sister to diverse environmental sequences clustering within the DHVE5 and DHVE6 groups (Takai & Horikoshi, 1999) . According to the Bayesian tree, the closest cultured microorganisms related to Alv-FOS5 appeared to be members of the hyperthermophilic Methanococcales. This relationship was strongly supported by a posterior probability (PP) of 1 (Fig. 1) . However, the phylogenetic tree resulting from an ML analysis did not support this affiliation (see supplementary Fig. S1 ). To check this disagreement and to increase the phylogenetic resolution, we carried out phylogenetic analyses with concatenated 16S and 23S rRNA gene sequences. The Bayesian tree using these combined sequences showed that Alv-FOS5 was related to the Thermoplasmatales, whereas the ML tree placed Alv-FOS5 as a sister branch to diverse euryarchaeotal species including the halophiles, the mesophilic Methanosarcinales and the Thermoplasmatales (see supplementary Figs S2 and S3) . Thus, despite the use of a large amount of data (3502 positions in the concatenated set), the phylogenetic position of Alv-FOS5 within the Euryarchaeota remained unclear, probably because it defines a single-species, long branch without close relatives in the tree, which is a difficult situation to resolve using phylogenetic analysis (Hendy & Penny, 1989) . Therefore, additional 23S rRNA gene sequences from related species will be necessary to resolve the unstable phylogenetic position of Alv-FOS5.
Phylogenetic analysis of protein-coding genes and detection of horizontal gene transfers
To clarify further the branching position of Alv-FOS5 and to identify possible horizontal gene transfer (HGT) events, phylogenetic analyses were carried out on the 23 predicted protein-coding genes of Alv-FOS5 having homologues in databases (all trees and alignments are available upon request). Unfortunately, the majority of these proteins failed to exhibit a clear phylogenetic profile, for several reasons. Sequence conservation for a few proteins (ORF3 and the dolichol kinase, ORF26) was so poor that the phylogenetic analyses were unreliable. In other cases, these genes have multiple copies in each species (this was particularly noticeable for those species with available complete genome sequences), pointing to the existence of many paralogues. In general, these paralogues appear to have followed complex evolutionary histories with independent duplications and losses and probable HGT events. As a consequence, we obtained very complex trees, in which the monophyly of many groups (including even the three domains of life) was not retrieved. This problem was particularly severe for the phylogenetic analyses of the ribokinase-family protein (ORF6), the two KefB-related carriers (ORF13 and ORF14), the two glycosyl transferases (ORF22 and ORF24) and the two conserved hypothetical proteins encoded by ORF15 and 29 (data not shown).
Nevertheless, several ORFs encoded proteins with a good representation in databases and without apparent problems of hidden paralogues or parallel gene duplications and/or losses, such that they were useful for phylogenetic reconstruction. A good example was the archaeal transcription factor TFB (ORF9), given that its phylogenetic tree did not support any clear case of HGT and was fully congruent with the classical 16S rRNA gene archaeal trees (Woese et al., 1990) , with the exception of several independent duplications of this gene in different archaeal groups (e.g. Thermoplasmatales, Haloarchaea), which have already been reported in previous analyses (Archibald & Roger, 2002) . In our Bayesian analysis (Fig. 3) , the TFB sequence of Alv-FOS5 emerged without clear close relatives, further supporting the idea that it may belong to an independent group of euryarchaeota and in agreement with the phylogeny based on the 16S rRNA gene sequences (Fig. 1) .
The phylogenetic analysis of the predicted Sua5-related protein (ORF7) showed that all archaeal sequences clustered together, except that of A. fulgidus, which branched within a group of bacterial sequences (Fig. 4) . Within the archaeal sequences, two groups could be defined. The first included the Alv-FOS5 sequence and its homologues from the Thermococcales (with a strong PP of 0.98), while the second one grouped other euryarchaeotal (Thermoplasmatales and some methanogens) with the crenarchaeotal homologues. Interestingly, the Thermotoga maritima homologue branched robustly within the archaeal sequences, which suggested that T. maritima has gained this gene from Archaea, in one of the numerous HGT events that have occurred between the thermophilic bacteria and the Archaea (Nelson et al., 1999) . Conversely, it seems that A. fulgidus has acquired its Sua5 homologue from Bacteria, suggesting that HGT of this gene is not infrequent. The position of Alv-FOS5 in our tree was unexpected, as in other trees based on conserved markers (see the 16S and 23S rRNA genes and the TFB factor above) it did not emerge so close to the Thermococcales. This result might suggest that Alv-FOS5 has acquired this gene from a member of the order Thermococcales. Interestingly, the region of this fosmid upstream to this gene contained two ORFs with a G1C content higher than the average for the rest of ORFs (41.65 mol%). These were ORF4 (46.81 mol%) and ORF6 (47.46 mol%). As for the Sua5-related protein, the phylogenetic analysis of ORF4, encoding a chaperonin of the Hsp60 family, also supported a close relationship between Alv-FOS5 and the Thermococcales (data not shown), while ORF6 (encoding a sugar kinase) yielded a complex phylogeny that was difficult to interpret (see above). The phylogenetic signal shown by the ORF4 and ORF6 together with the concurrent observation of an anomalous G1C content suggested that this region of Alv-FOS5 might have been acquired by HGT from a member of the Thermococcales.
Potential HGTs involving Bacteria were also observed. The best example concerned the predicted permease (ORF2). Its BLAST hit was of a protein encoded by a plasmid of Nostoc sp. (Table 2 ) and the phylogenetic analysis confirmed this relationship (Fig. 5) . Although the G1C content of this ORF (40.83 mol%) did not deviate significantly from the average, the possibility of an HGT event was further supported by inspection of the alignment of ORF2 and its homologues, as only the Alv-FOS5 protein and few bacterial homologues (including that of Nostoc sp.) possessed several distinctive deletions, as well as several shared amino-acid sequence signatures (data not shown). The fact that this protein was encoded by plasmids in certain bacteria was also in agreement with the possibility of its dissemination by HGT.
Conclusion
We examined the diversity of the archaeal community associated with tubes of the hydrothermal polychaete Alvinella pompejana by constructing 16S rRNA gene libraries. Almost half of the identified sequences clustered with uncultured groups. To explore the genetic and metabolic potential of these groups, we constructed a large-insert fosmid library with the DNA of the same microbial assemblage. We analysed the sequence of Alv-FOS5, one of the archaeal genome fragments identified in the library.
Phylogenetic analyses showed that the 16S rRNA gene sequences of Alv-FOS5 belong to a new cluster within the DHVE group II, the placement of which was strongly influenced by the sequences used in the datasets. The accurate determination of the position of the large hydrothermal group containing Alv-FOS5 will most likely be possible only when conserved sequences (small-and largesubunit rRNA and protein coding genes) from other species of this group become available. Regardless, it is clear that Alv-FOS5 and its relatives define a large, independent phylogenetic group within the Euryarchaeota. The G1C content of the 16S rRNA gene sequence of Alv-FOS5 was relatively high (460 mol%), a feature shared by hyperthermophilic bacteria and archaea. The presence of a gene encoding a putative homologue of class II chaperonins highly similar to that of hyperthermophilic archaea also supports the hypothesis of a possible thermophilic lifestyle for Alv-FOS5.
Our analysis revealed a number of other genes in the immediate surroundings of the 16S and 23S rRNA genes. They include genes essential in the transport and energy metabolism of the archaeal organism. We identified a potential operon probably involved in the breakdown of intracellular glycogen and a sugar kinase. Although the presence of glycogen in archaea has been demonstrated (König et al., 1982) , little is known about glycogen metabolism in this group. Because sugar catabolic pathways are absent in nonheterotrophic archaea, except for glycogendebranching methanogens (Verhees et al., 2003) , the finding of these genes may be suggestive of a heterotrophic lifestyle. To validate these predictions, it would be interesting to express these genes and to perform a detailed biochemical analyses to identify their precise functions. Additional genomic sequence data could also help to gain greater insight into the physiology of this organism. Better knowledge of the environmental distribution of Alv-FOS5 and its close relatives may suggest strategies for capturing new genomic sequences of this particular phylogenetic group and/or direct selective isolation attempts. Our study has demonstrated that mismatches in a widely used archaealspecific 16S rRNA gene primer (21F) prevented their molecular detection. The genes identified in Alv-FOS5 might therefore serve as templates to design specific probes useful to identify the ecological niches inhabited by these organisms.
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